INTRODUCTION
Xenotransplantation of organs from pigs into humans has been considered as a promising solution for shortage of organs, because of their physiological and anatomical similarities. Recently, a significant progress has been made in that cardiac xenograft from the α-1,3-galactosyltransferase knock-out (GT KO) pigs with human complement regulatory protein and human thrombomodulin molecules to baboons survived for over 900 days (Mohiuddin et al., 2016 ) and renal xenotransplantation extended over 227 days with GT KO/CD55 (decay accelerating factor; DAF) transgenic pig-to-macaque (Higginbotham et al., 2015) .
However, except these successful reports, many xenograft cases have been suffered from various immune rejections.
To minimize immune rejection phenomenon after TG pigto-primate xenotransplantation, GT KO pigs with an overexpression of and simultaneous inhibition of human complement activation by the introduction of human complement-regulatory genes, such as CD46 (membrane cofactor protein, MCP), CD55 , and CD59 (Lambrigts et al. 1998; McGregor et al. 2004) .
The previous studies have demonstrated that thrombotic microangiopathy had been occurred in primates following xenotransplantation with GT KO pig solid organs without hyperacute immune rejection causing galactose-α-1,3-galactose antigens (α-Gal) (Houser et al., 2004; Kuwaki et al., 2005; Tseng et al., 2005; Shimizu et al., 2008 , Kim et al., 2013 . Major features of thrombotic microangiopathy such as platelet activation, adherence, and clumping were inevitable consequences of immune-mediated transplant rejection (Rocha et al., 2003; Zhang et al., 2008) .
Thus, a disordered thromboregulation represents major immunological obstacles to long-term survival of xenoorgans.
One of the reasons to causing blood coagulation in the tissue of xenografted organs was known to incompatibility of the blood coagulation and anti-coagulation regulatory system between TG pigs and primates (Cowan and d'Apice, 2009; Lin et al., 2009; Ekser et al., 2012) . Extracellular nucleotides (adenosine triphosphate; ATP and adenosine diphosphate; ADP) regulate thrombosis and inflammatory responses. ATP and ADP are converted to adenosine monophosphate (AMP) by CD39 (ectonucleoside triphosphate diphosphohydrolase 1; ENTPDase-1), which is catalyzed to adenosine by CD73 (ecto-5′-nucleotidase; e5NT) (Crikis et al., 2006) . Decreasing of CD73 activity leads to reduce adenosine production and to decrease expression of cytoprotective factors and disordered blood coagulation control (Daval et al., 1991; Delikouras et al., 2003; Sitkovsky et al., 2004) . In fact, pig endothelial cells in heart have significantly lower levels of CD73 compared with those of humans, resulting in decreased adenosine production in blood (Khalpey et al., 2005) . For this reason, transplantation of GT KO pig organs expressing human CD39 and CD73 into the primates is expected to inhibit the inflammation reaction and blood coagulation .
In our previous study, we constructed a human CD73 expression vector under control of porcine Icam2 promoter (pIcam2-hCD73) and established forty three donor cell lines expressing hCD73 (Oh et al., 2016) . This study was performed to produce and breed transgenic pigs expressing hCD73.
MATERIALS AND METHODS

General information
Our study protocol and standard operating procedures for the treatments of the pigs used were reviewed and ap- 
Construction of the vector for hCD73 expression
Our procedure for vector construction was previously described in detail (Oh et al., 2016) . Briefly, the human Electro-Cell fusion (Fujihira Industry, Japan). Immediately after confirmation of fusion using a stereoscope, the reconstructed embryos were transferred into both oviducts of the surrogate (Landrace) on the same day or 1 day after the onset of estrus. Pregnancy was diagnosed on day 28 after ET and then was checked regularly every week by ultrasound examination. The TG cloned piglets were delivered by Caesarean section.
Confirmation of transgenic pig
Genomic DNA (gDNA) was isolated from the tails of the cloned piglets. gDNA was used for transgene insertion by polymerase chain reaction (PCR) with specific primer sets using upstream primer 5′-TATCGCGATCTAGAAAC ACACTGCAAGTCC-3′ and downstream primer 5′-ATAA GCTTAGGAAAGAGCCGAGGACCGCCT-3′ which contain Nru I and Hind III site, respectively ( Fig. 2A) . The PCR cycle was as follows: initial denaturation at 95℃ for 5 min; 30 cycles of 94℃ for 30 s, the optimized annealing temperature for 30 s, and 72℃ for 30 s; followed by a final extension at 72℃ for 5 min.
RESULTS
A summary of the pregnancy and delivery rate of hCD73-pig was described in Table 1 . The mean number of embryos transferred was 127±18.9 of cloned embryos and 126±18.7 of parthenogenetic embryos, respectively. Among 18 surrogates, 8 were pregnant (44%) in early pregnancy period and 3 were maintained to full term (16%). The total number of delivered cloned piglets were 10 (2 alive, 7 mummy, and 1 died after birth) (Fig. 1A) . The recipientbased individual cloning efficiency was range from 0.7% to 2.2% (Table 2) . Produced transgenic pigs were confirmed by genomic PCR. All of the cloned pigs were confirmed as the hCD73 TG pig (Fig. 1B) . And also the two hCD73 TG cloned pigs had normal reproductive ability. They mated with wild type (WT) MGH female sows and produced totally 16 piglets. Among them, 6 piglets were identified as hCD73 TG pigs (Table 3) (Fig. 2B ).
DISCUSSION
Xenotransplantation results in hyperacute rejection mediated by the interaction with antibodies against α-Gal residues on cell surface glycoproteins of pig cells. The problem of hyperacute rejection has been overcome by homozygous GT KO pigs (Phelps et al., 2003; Kolber-Simonds et al., 2004; Nottle et al., 2007; Fujimura et al., 2008; Li et al., 2013) . Although the transplantation of kidney or heart from a GT KO pig into an immunosuppressed primate could prolong the xenograft survival, the xenograft finally fails because of thrombotic microangiopathy that may be form of delayed immune-mediated rejection (Chen et al., 2005; Kuwaki et al., 2005; Lin et al., 2010) .
Extracellular nucleotides and its derivatives directly or
indirectly regulate many processes such as thrombosis or inflammation, vascular tone, and iron transport, via cell surface purinergic receptors (Arulkumaran et al., 2013; Zimmermann et al., 1996) . However, the final effect of these signaling mechanisms is depended on the conversion of these nucleotides mediated by the cascade of ectoenzymes i.e. CD39 and CD73. These activities lead to the con- However, there has been no report on pigs that introduced hCD73, so the need for the development of transgenic pigs is being raised. Considering the function of sequentially degrading nucleic acids with CD39, it is assumed that the same effect will be obtained in transgenic pigs overexpressing CD73. However, it is not yet known whether adenosine produced by overexpressing CD39 or CD73 would effectively inhibit blood clotting when pig The primer sites to validate integration of the pIcma2-CD73 vector were shown as 198F and 199R. The diagram was modified from Oh et al. (2016) . B) The confirmation of hCD73 TG piglets born between hCD73 cloned pigs and MGH miniature pig.
organs were transplanted into monkeys.
In this study, we successfully produced two healthy hCD73 transgenic cloned piglets and they have normal reproductive ability for next generation. In future, GT KO/ CD46/CD73 hybrid transgenic pig can be produced by crossing hCD73 positive and GT KO/CD46 TG pig and the TG pigs will be more effective model to use in research for controlling hyperacute and acute vascular rejection after xenotransplantation.
